were suppressed and 18,013 were induced following infection. Comparative analysis revealed that genes associated with defence signalling against biotic stimuli were significantly overexpressed in phytoplasma-infected leaves versus healthy coconut leaves. Genes involving cell rescue and defence, cellular transport, oxidative stress, hormone stimulus and metabolism, photosynthesis reduction, transcription and biosynthesis of secondary metabolites were differentially represented. Our transcriptome analysis unveiled a core set of genes associated with defence of coconut in response to phytoplasma attack, although several novel defence response candidate genes with unknown function have also been identified. This study constitutes valuable sequence resource for uncovering the resistance genes and/ or susceptibility genes which can be used as genetic tools in disease resistance breeding.
Introduction
Phytoplasmas are strictly biotrophic insect-transmitted pathogens which can have devastating effects on the productivity and sustainability of economically important agricultural and horticultural crops. They are prokaryotes, forming a monophyletic clade within the class Mollicutes (Zhao et al. 2015 ) and belong to the genus 'Candidatus Phytoplasma' (IRPCM 2004) , which exhibit pleiomorphic shapes due to the lack of a rigid cell wall. Thus far, phytoplasma strains have been differentiated into 33 16S rDNA groups based on RFLP, virtual RFLP and sequence analysis of these 16S genes (Bertaccini et al. 2014) .
Abstract Invasive phytoplasmas wreak havoc on coconut palms worldwide, leading to high loss of income, food insecurity and extreme poverty of farmers in producing countries. Phytoplasmas as strictly biotrophic insect-transmitted bacterial pathogens instigate distinct changes in developmental processes and defence responses of the infected plants and manipulate plants to their own advantage; however, little is known about the cellular and molecular mechanisms underlying host-phytoplasma interactions. Further, phytoplasma-mediated transcriptional alterations in coconut palm genes have not yet been identified. This study evaluated the whole transcriptome profiles of naturally infected leaves of Cocos nucifera ecotype Malayan Red Dwarf in response to yellow decline phytoplasma from group 16SrXIV, using RNA-Seq technique. Transcriptomics-based analysis reported here identified genes involved in coconut innate immunity. The number of down-regulated genes in response to phytoplasma infection exceeded the number of genes up-regulated. Of the 39,873 differentially expressed unigenes, 21,860 unigenes 1 3
Phytoplasmas have a wide host range and are globally associated with diseases in more than 700 plant species (Maejima et al. 2014) .
Phytoplasmas are an enigma among plant pathogens, because they have become dependent on their plant and insect hosts for survival (Nejat and Tan 2014) . Phloem sap and haemolymph serve as nutrient-rich food sources for the multiplication of phytoplasmas in the plant and insect hosts (Hogenhout et al. 2008; Nejat and Vadamalai 2013) . Phytoplasmas have been studied in periwinkle as a model plant where phytoplasmas can easily be maintained by grafting, and after establishment high titres of phytoplasmas can be achieved (Nejat et al. 2015) .
Over recent years, significant progress in phytoplasma genome sequencing and comparative genomic analysis have improved understanding of the complex tri-trophic interactions among plant host, insect vector and phytoplasma, though most studies have been focused on derailed flower development and leafy flower transition (Wei et al. 2013; Liu et al. 2014) . Phytoplasmas secrete effector proteins and manipulate developmental processes, phytohormone biosynthesis pathways and defence response of the infected plants (Sugio and Hogenhout 2012; Du Toit 2014) . Effectors target plant transcription factors and regulate downstream signalling events. Several effectors have been discovered which induce obvious phytoplasma disease symptoms such as phyllody, witchesʼ broom and dwarfism in Arabidopsis thaliana (Hoshi et al. 2009; Sugio and Hogenhout 2012; Maejima et al. 2014) .
Over the past few years, transcriptome analysis of grapevine infected by Bois noir phytoplasma using microarrays has identified that phytoplasmas affect plant carbohydrate metabolism, down-regulate photosynthetic genes and upregulate defence genes (Hren et al. 2009 ). The results of transcriptomics-based experiment of witches' broom phytoplasma-infected Paulownia using RNA-Seq were in line with the findings of Hren et al. (2009) (Mou et al. 2013) .
Phytoplasmas from different phylogenetic groups cause severe damages to coconut cultivation around the world. Typical symptoms caused by phytoplasmas in coconut palm are general yellowing of fronds, stunting, blackening of young emergent inflorescence, drying of older inflorescences, premature nut fall and gradual collapse of fronds. Lethal yellowing (16SrIV) is the most calamitous phytoplasma disease affecting coconut palms in the African countries, Caribbean, the USA and Mexico (Nejat and Vadamalai 2010) . Coconut yellow decline (CYD, member of the 16SrXIV ʻCandidatus Phytoplasma cynodontisʼ group) is a destructive disease of coconut, debilitating the productive capacity of coconut trees in Malaysia, although Malayan Red Dwarf ecotype is less susceptible than Malayan Yellow Dwarf and Malayan Tall ecotypes (Nejat et al. 2009a ). CYD is not only the major disease of coconut, but also incites disease in ornamental palms such as foxtail palm in Malaysia (Naderali et al. 2013) .
Studying phytoplasmas-coconut interaction is limited owing to the unknown vector, graft transmission incompatibility and lack of genome information of coconut palm. Further, the transcript structure and function have not been as yet determined in coconut. The elucidation of gene expression profiles in the infected tissue may bring more understanding of how coconut leaves react at the molecular level to phytoplasma attack and how altered expression of genetic variants contributes to this complex disease and, therefore, to the development of strategies to reduce the effects of the pathogen and ensure economic production and healthy maintenance of coconut holdings. In this study, the whole transcriptome, genome annotation and a comparison of the transcriptome generated from healthy coconut leaves and leaves infected with CYD phytoplasma were investigated by RNA-Seq technology using Illumina HiSeq™ 2000 sequencer.
Materials and methods

Plant material
Coconut palm is widespread throughout Malaysia. Naturally infected coconut palm ecotype Malayan Red Dwarf (MRD) which showed typical CYD phytoplasma symptoms, such as general yellowing of fronds, severe chlorosis of spear leaves and decline ( Fig. 1) , were collected at the Universiti Putra Malaysia, Selangor State (Nejat et al. 2009a) . Symptomatic middle leaves were harvested from naturally infected MRD for the post-symptomatic gene expression analysis, while healthy MRD coconut leaf Fig. 1 Coconuts infected by yellow decline phytoplasma. Yellowing and necrosis of coconut foliage starting with the oldest fronds and spreading rapidly to the younger ones and emerging spear leaves, and gradual collapse of fronds samples were collected from Banting and Serdang area, Selangor State. Samples were collected under the same environmental conditions simultaneously.
CYD phytoplasma detection
Total nucleic acids were extracted from the midribs of symptomatic and healthy coconut leaves using CTAB (cetyltrimethylammonium bromide) buffer by the smallscale method with some modifications (Nejat et al. 2009b ). Direct and nested PCR using universal phytoplasma-specific primer sets P1/P7 (Deng and Hiruki 1991; Schneider et al. 1995) and R16F2n/R16R2 (Gundersen and Lee 1996) were performed and no amplification products were produced from healthy coconut samples.
The infection of symptomatic coconut palms by CYD phytoplasma was confirmed by nested PCR and sequencing. Nested PCR was performed using primer set P1/ P7 followed by F2n/R2. F2n/R2 primed 16S rRNA gene products amplified from infected coconut samples were purified from agarose gels using QIAquick gel extraction kit (Qiagen, Hilden, Germany). The products were ligated into pCR 2.1 vector and 2 µl of the ligation mixture was transformed into TOP10 Escherichia coli competent cells by heat shock as per manufacturer's directions (Invitrogen, Carlsbad, CA, USA) and sequenced commercially (Medigene Sdn Bhd.).
Total RNA extraction
Total RNA was extracted from leaves of three confirmed healthy and infected MRD coconut palms using RNeasy Plant Mini Kit (Qiagen, Hilden, Germany). The RNA concentrations were determined by a Nanodrop ND-1000 (Thermo Scientific, Wilmington, USA) spectrophotometer with absorbance ratio of A260/280 and A260/230 nm. RNA integrity was checked using Agilent 2100 Bioanalyzer (Agilent Technologies).
cDNA library construction and sequencing
Equal amounts of total RNA from three samples were used for construction of cDNA libraries using the TruSeq RNA Sample Preparation Kit in accordance with the manufacturer's instructions (Illumina ® Sequencing). Poly (A) RNA was first separated using Oligo d (T) magnetic beads; next, the mRNA was chemically fragmented using divalent cations under elevated temperature and converted into singlestranded cDNA using reverse transcriptase and random hexamer primers. Second-strand cDNA was then synthesized to generate double-stranded cDNA using dNTPs, DNA polymerase I and RNase H. The doubled-stranded cDNA fragments were end repaired, an A-base added to the 3′ ends and sequencing-indexed adapters ligated to fragmented cDNA. The latter was amplified using PCR to generate the final product for sequencing. The library was sequenced using Illumina HiSeq™ 2000 sequencer in a paired-end 100 bp run at Macrogen, Korea. Raw reads generated from the healthy and infected coconut palms were submitted to the NCBI Sequence Read Archive (SRA), accession no. SRP034825.
Transcript assembly and analysis of RNA-Seq
Illumina RNA-Seq technology was used to generate short reads. Low-quality reads were trimmed and sequencing adapters were clipped using fastx toolkit. After quality control analysis, the high-quality data from the Illumina RNA-Seq read sequences of healthy and infected samples were assembled using Trinity sequence assembly software (trinityrnaseq_r2012-06-08) to yield contigs. The unigenes that correspond to a large fraction of the transcripts were blasted at the nucleotide level against NCBI non-redundant nucleotide database using BLASTn [Basic Local Alignment Search Tool] (Altschul et al. 1990 ) to identify similarities. Protein homologies were identified using the non-redundant protein databases BLASTx (E-value cutoff of 10 −5 ). Annotation and gene ontology (GO) classification for possible functional assignment of the unigenes were carried out based on homology with protein families of known functions after comparing their sequences to the non-redundant protein databases BLASTx program. GO analysis of unigenes was performed to assess differences in gene expression according to the parameters of biological process, cellular component and molecular function in infected compared to healthy coconut leaves.
Differential gene expression analysis
To perform differential analysis of the transcriptome generated from healthy and infected coconut leaves, the counts of each contig in each of the sample were quantified. The original reads were aligned onto the new contigs using BWA-MEM followed by SAMTools (Li and Durbin 2009) available at the sourceforge website (http://maq.sourceforge.net) and Galaxy platform (http://main.g2.bx.psu. edu/) (Goeck et al. 2010) . The generated bam files were then processed to extract the number of reads from the contig in each sample, followed by collation of these data to a spreadsheet.
The differential gene expression (DGE) analysis was performed by edgeR package (Emprical analysis of Digital Gene Expression in R) available at Bioconductor website (http://bioconductor.org) (Robinson et al. 2010) according to the user manual. Any contigs with fewer than ten reads per sample on average were discarded. The FDR method was employed to determine the p value threshold. The significance of differentially expressed transcripts (up-or down-regulations) was statistically obtained when p value ≤0.05 and log2 fold change ≥1.
Differential GO analysis was performed by BLASTn searching all expressed coconut transcripts against a rice transcript sequence database (http://rice.plantbiology.msu. edu/) version 7 using the best rice hit (E ≤ 0.05) to annotate the coconut sequence. The rice gene accessions that corresponded to differentially expressed coconut genes were submitted to AgriGO (Du et al. 2010) for singular enrichment analysis with a background list comprising the rice homologues of all expressed coconut transcripts and otherwise default options. GO enrichment was determined by Fisher exact test. FDR adjusted p values ≤0.05 were considered to be significant.
Real-time reverse transcriptase PCR gene expression validation
Quantitative real-time PCR (RT-qPCR) was carried out to validate the results of the RNA-Seq, Illumina sequencing. Total RNA was extracted with Concert™ plant RNA reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's directions. Specific primers were designed from the sequences of cDNA obtained after sequencing using Primer-BLAST under the default parameters (Ye et al. 2012) (Table 1 ). The real-time PCR reactions were performed using KAPA SYBR ® FAST One-Step qRT-PCR Kit, Universal (KAPA Biosystems, Boston, MA, USA), which includes ROX as a passive dye on iCycleriQ5 (Bio-Rad, USA). 25S rRNA gene of coconut (25SF: 5′-GCGATGCGGGATGAACC-3′ and 25SR: 5′-ATGACC ACCGTCCTGCTGT-3′) was used as internal reference for normalization of relative expression fold changes (Xia et al. 2014) . Four independent biological replicates were analysed for each target gene. Disassociation analysis was done to verify amplicon specificity after 40 cycles by increasing the set-point temperature (60-95 °C).
The relative expression levels of the candidate genes were quantified using REST software (Qiagen, Hilden, Germany) according to the user manual. Difference between treatments was considered as statistically significant when p < 0.05.
Results
CYD phytoplasma detection
The amplification products of DNA from infected coconut palms using the R16F2n/R2 primer pair were at the expected size of about 1200 bp, whereas no product was amplified from DNA from healthy coconut palms (data not shown). The 16S rRNA gene sequences of infected MRD coconut palms showed 100 % identity with those of CYD phytoplasma which was previously reported (GenBank Acc. No. EU328159) (Nejat et al. 2009a ), a member of the 16SrXIV group ʻCandidatus Phytoplasma cynodontisʼ. 
Unigene functional annotation of coconut palm
The clean reads were assembled using Trinity into 198,155 contigs and over 191 Mbp in size with the average contig length 964 bp and median length 584 bp and 110,500 unigenes.
Contigs were blasted to the public GenBank database using BLASTn and BLASTx programme. From the 198,155 contigs, 98,220 did not show homology to any known gene sequences. Further, any obvious sign of RNA detection from any other microorganisms was not found over BLAST searches. Hence, our transcriptome analysis revealed that our samples were only infected by phytoplasma.
The unigenes functions were categorized into three major ontologies comprising biological process, cellular component and molecular function. GO analysis revealed clear differences in the distribution of gene functions for unigenes between healthy and infected transcriptomes (Fig. 2) .
Comparison of transcriptome between healthy and CYD-infected leaves of MRD coconut
An arbitrary FDR p value threshold of 1E-10 was used to identify significant differences in expression levels of transcripts in CYD-infected leaves versus healthy leaves. The results of analysis showed that 39,873 genes were differentially expressed, whereof 18,013 transcripts were up-regulated and 21,860 transcripts were down-regulated in infected leaves compared to healthy leaves (Table S1 and S2).
Analysis of the overall dataset revealed that a large number of genes involved in pathogen resistance were differentially expressed in coconut challenged with CYD phytoplasma. More specifically, differential GO analysis identified up-regulation of genes involved in defence response, signal transduction, protein phosphorylation, DNA and RNA binding, hydrolysis and ATP-dependent transmembrane transport (AgriGO Fig. 3a) .
Detailed analysis showed that several genes encode pathogenesis-related proteins (PRs) such as thaumatinelike proteins, MLO domain, Bet v 1-related proteins, peroxidase, glucan endo-1,3-beta-glucosidase and chitinase which were significantly overexpressed in infected tissues (Table 2) . Further, several genes involved in the defence response to biotic stresses in plants were upregulated in infected tissues in response to phytoplasma infection. These protective plant genes encode proteins involved in plant resistance such as 1-aminocyclopropane-1-carboxylate oxidase (ACO), amino acid permease family, polyphenol oxidase, cytochrome P450, flavonoid synthase (flavanone 3-hydroxylase, dihydroflavonol 4-reductase and isoflavone reductase), metallothionein, cysteine-rich receptor-like protein kinase, phospholipid transporting ATPase and pleiotropic drug resistance protein.
Defence response genes with hydrolyse activity such as glycosyl hydrolyse family and kinase activity include plant receptor-like protein kinases (RLKs), lectin-like receptor kinase and cysteine-rich receptor-like protein kinase 7 were also up-regulated in plants challenged with the CYD phytoplasma.
Genes involved in the biosynthesis and perception of plant hormones were also notably affected by phytoplasma infection. Auxin-induced protein 5NG4, ethylene-responsive transcription factor ERF114 and ACO were up-regulated in phytoplasma-infected tissues vs healthy coconut leaves. The transcript level of gibberellins 2 oxidase was significantly increased. The transcript level of no apical meristem protein (NAM) was significantly increased in the infected coconut leaves. Furthermore, the expression level of cytokinin dehydrogenase decreased in diseased coconut leaves.
Differential GO analysis identified a down-regulation of genes involved in photosynthesis, translation, transcription and chromatin assembly (AgriGO Fig. 3b ). Photosynthesis-associated genes including ATP synthase, plastocyanin chloroplast precursor, chlorophyll A B binding protein, Photosystem I reaction centre subunit N chloroplast precursor, and Photosystem II core complex proteins psbY chloroplast precursor (433) were down-regulated in phytoplasma-infected coconuts compared with healthy ones. Conversely, several genes encoding sucrose synthesis were overproduced in infected coconut leaves.
A variety of genes encoding transcription factors (TFs) were differentially expressed in diseased coconut leaves. These included WRKY, MYB family, TCP, helix-loophelix DNA binding domain and CCT/B-box zinc finger which were suppressed in infected vs healthy tissues. For example, WRKY TFs 2, 4, 11, 13, 17, 28, 36, 40, 48, 52, 57, 64, 76, 77, 79, 81, 87, 94, 104, 109 and 118 were all suppressed. A number of other WRKY TFs (1, 5, 10, 15, 24, 26, 29, 34, 36, 37, 39, 43, 49, 51, 53, 65-67, 69, 71, 72-74, 79, 84, 88, 90, 94-97, 102, 114, 121 and 125) were, Fig. 3 Enriched GO terms amongst differentially regulated coconut genes in response to phytoplasma infection. a Up-regulated GO terms and b down-regulated GO terms. Transcript sequences were homology mapped to rice relatives, and rice gene accessions were submitted to AgriGO. GO terms related to molecular function are shown with black bars, whereas those related to biological process are shown with grey bars. No significant cellular component terms were identified however, significantly overexpressed in infected tissues ( Table 2) .
Validation of gene expression through quantitative real-time PCR
SYBR Green gene expression assays (RT-qPCR) were used to validate ten differentially expressed genes identified by RNA-Seq. The expression of the genes encoding thaumatine, pathogenesis-related Bet v 1, chitinase, peroxidase, ABC transporter, glucan endo-1,3-beta-glucosidase, glycosyl-hydrolase and ZOS3-09-C2H2-zinc finger were significantly up-regulated, whilst the transcription levels of ZOS2-17-C2H2-zinc finger and oxidoreductase short-chain dehydrogenase were significantly decreased in naturally phytoplasma-infected coconut palms (Fig. 4) . The gene expression profile based on RT-qPCR highly correlated with those determined by RNA-Seq Illumina, corroborating the reliability and validity of the RNA-Seq technique.
Discussion
Phytoplasmas from group 16SrXIV incite severe symptoms on MRD coconut ecotype; nevertheless death does not occur. The mechanisms involved in coconut-phytoplasma interactions are poorly understood to date. The results presented in this study provide direct evidence that the MRD coconut elicits an active defence response against phytoplasma invasion. We propose that phytoplasmas are unable to effectively surmount these defence mechanisms which incite rapid death observed in more susceptible coconut palms, such as tall-type coconut cultivars (e.g. ʻMalayan Tall' and ʻJamaica Tall') (Nejat et al. 2009a; Broschat et al. 2002) . Transcriptome analysis was performed under natural, uncontrolled conditions to identify potential defence-related genes and to understand the signalling networks involved in the response to phytoplasma infection. Basically, genomewide transcriptional analysis requires to determine in realworld settings to predict the gene expression response to the complex conditions where, the environment influences organisms and modulates transcriptome dynamics (Hren et al. 2009; Jaeger et al. 2012; Nagano et al. 2012) . Our results corroborate changes in expression of the expressed genes associated with phytoplasma infection, though the level of expression could be changed. In this study, an RNA-Seq approach was used to identify, in the de novo assembled transcriptomes, complex mechanisms underlying host-phytoplasma interaction. The reprogramming of different biological and cellular processes was observed in coconut leaves in response to phytoplasma infection. GO annotation analyses revealed that a set of genes and pathways that are apt to be involved in coconut defence mechanisms and important in interaction with phytoplasma have been identified for the first time in the current study. Importantly, we unveiled numerous defence response genes and pathways which play important functions in coconut innate immunity following challenge with phytoplasma. Genes that encode pathogenesis-related proteins (PRs) such as thaumatine-like proteins (TLPs) (PR-5), chitinase (PR-3), glucan endo-1,3-beta-d-glucosidase (PR-2), peroxidase (PR-9) and Bet v 1-related proteins (PR-10) were highly expressed, as was a member of the MLO family-calmodulin-binding proteins involved in defence responses and modulation of leaf cell death (Piffanelli et al. 2002) . To date, 17 families of PR proteins have been identified in numerous plant species (Ebrahim et al. 2011 ). The expression of TLPs has been reported in grapevine and onion in response to bois noir and onion yellow phytoplasma infections, respectively (Hren et al. 2009; Santi et al. 2013 ). Glucan endo-1,3-beta-d-glucosidase is a PR protein that participates in carbohydrate metabolic processes. It has been shown to accumulate in mesophyll cells following induction by Nicotiana tabacum hormone ethylene (Ward et al. 1991) .
The transcript level of several peroxidases and the NADPH quinine oxidoreductase gene also associated with reactive oxygen species (ROS) increased in response to phytoplasma attack. Therefore, ROS production appears to be an important response to phytoplasma infection in coconut palm. Another class of defence response genes, the ABC transporter and pleiotropic drug resistance genes from the ABC transporter family, were expressed against phytoplasma infection. Similar genes have been shown to switch on the hypersensitive response (HR) following induction by jasmonic acid signalling pathway in the chestnut-blight infection, caused by the fungus Cryphonectria parasitica (Barakat et al. 2009) .   Fig. 4 Relative expressions of candidate-expressed genes in naturally CYD phytoplasma-infeceted coconut palms. UBC10 gene was used as an internal reference. TH thaumatine; PTH pathogenesis-related Bet v 1; CH chitinase; PX peroxidase; ABC ABC transporter; GBG glucan endo-1,3-beta-glucosidase; GH glycosyl-hydrolase; Z3 ZOS3; Z2 ZOS2; ORD oxidoreductase short chain dehydrogenase. Up-or down-regulations of all ten candidate genes are statistically significant (p < 0.05) Our results also indicate that genes with hydrolase and kinase activities play an important role in the defence response in diseased coconut palms. The suppression of genes responsible for cell wall degradation and up-regulation of genes involved in cell wall reinforcement have been found as a primary event in the host-pathogen interaction in bois noir phytoplasma-infected grapevine (Albertazzi et al. 2009 ). Transcripts encoding cytochrome P450 were also overexpressed in leaf tissues infected with CYD phytoplasma. Cytochrome P450 is involved in resistance in various plants through lignin and glucosinolates biosynthesis, callose deposition and cell wall reinforcement (Qi et al. 2006) .
Genes encoding flavonol synthesis were increased following phytoplasma infection. Flavanone 3-hydroxylase and dihydroflavonol 4-reductase are involved in the flavonoid secondary metabolism. Flavonoids are molecules involved in the stress response in plants and have been suggested to have roles in cellular signalling (Winkel-Shirley 2002) . The overexpression of genes encoding flavanone 3-hydroxylase and dihydroflavonol 4-reductase enzymes have also been reported in phytoplasma-infected grapevine (Hren et al. 2009 ). Isoflavone reductase is shown here for the first time associated with defence response against phytoplasma infection. This suggests the synthesis of phytoalexin(s) in combating phytoplasma in coconut. Further experiments are required to find out the role of this gene in phytoalexin production and disease resistance.
The complex family of WRKY TFs as principal positive and negative regulators of gene expression play important functions in plant innate immunity. WRKY TFs are the most important orchestrators of the HR (Etalo et al. 2013) . They are quickly induced after pathogen attack as part of early PTI responses (Boyd et al. 2013) . Transcriptome analysis revealed that a large number of WRKY transcription factors were involved in coconut response against phytoplasma infection. In this study, 35 WRKY genes were significantly induced and 21 WRKY genes were suppressed in the infected coconut leaves. Thus far, WRKY1, 11, 17, 40, 52 and 53 have only been characterized in other plant species. For example, WRKY40 as a negative regulator and WRKY 53 as a positive regulator of basal defence play important role in regulating plant disease resistance to Pseudomonas syringae (Eulgem and Somssich 2007) . The remaining WRKY TFs have not yet been characterized. WRKY TFs identified in the current study are presented for the first time to be associated with plant responses against phytoplasma infection, however their functions remain elusive and are yet to be identified. In this work, MYB, TCP, helix-loop-helix DNA binding domain and CCT/B-box zinc finger TFs were found to be repressed upon phytoplasma infection, a similar finding to that described for MYB TFs in bois noir infected grapevines (Hren et al. 2009 ).
Genes coding for key plant hormones comprising auxininduced protein 5NG4 and 1-aminocyclopropane-1-carboxylate oxidase were overrepresented during the phytoplasma-coconut interaction. Curković found that auxin treatment induced recovery of periwinkle plants infected with phytoplasmas from different species (Curković 2008) . This phytohormone is also implicated in paulownia response to witches' broom phytoplasma disease. The deregulation of auxin efflux carrier 5NG4 induced witches' broom symptoms in paulownia (Liu et al. 2013 ). The transcripts encoding the no apical meristem (NAM) gene family were up-regulated in infected leaves. Auxin induces the expression of NAM in plants (Ooka et al. 2003) . Thereby, up-regulation of auxin and NAM biosynthesis genes have a critical role in coconut immunity and symptom expression. In the face of phytoplasma attack, these gene products may repress phytoplasma effectors from expressing symptoms such as proliferation and witches' broom. Overexpression of ACO augments production level of ethylene in infected tissues as one of the later PTI responses (Boyd et al. 2013) . Ethylene is a classical defence hormone and bacterial PAMPs may increase the production levels of ethylene (Nicaise et al. 2009 ). Our results indicated that ethylene was involved in the coconut defence against phytoplasma infection.
Down-regulation of transcripts of cytokinin dehydrogenase reinforced de novo biosynthesis of cytokinins. This hormone is a positive regulator of shoot development and was shown to induce a hypersensitive-like reaction against pathogen attack in tobacco (Novák et al. 2013) . Hence, cytokinins could be associated with coconut palm defence against phytoplasma attack. Genes for gibberellin 2 oxidase were overexpressed in phytoplasma-infected coconut palms. This enzyme plays a major role in the gibberellin catabolic pathway through 2β-hydroxylation (Thomas et al. 1999) . Up-regulation of gibberellin 2 oxidase likely results in down-regulation of gibberellin levels in infected coconut palms. This finding is consistent with those of Ding et al. (2013a, b) who found that potato purple top phytoplasma remarkably decreased gibberellic acid levels in infected tomato plants. Reduction of the gibberellins levels in infected coconut palms might cause stunting, inflorescence necrosis and premature nut fall, which are typical symptoms of phytoplasma infection. Biochemical analysis is now needed to confirm this relationship in this interaction.
A wide array of genes associated with photosynthesis was down-regulated in phytoplasma-infected coconut palms. This is in agreement with Bilgin's et al. (2010) findings who found that photosynthesis genes were globally down-regulated in response to biotic stresses as part of defence mechanisms. This is also in accordance with the results of other phytoplasma-plant interaction studies, grapevine-bois noir phytoplasma and paulownia-witches' broom phytoplasma interactions (Hren et al. 2009; Liu et al. 2013; Mou et al. 2013) . Down-regulation of the photosynthesis genes is likely due to the decreased phloem loading and accumulation of carbohydrates in infected source leaves (Santi et al. 2013) . Carbohydrates are the main source of carbon and energy for phytoplasmas. The ABC transporter system is the major import system of carbohydrates in phytoplasmas and these transporters have been shown to act as virulence factors and also secrete toxins and antimicrobial compounds (effectors) into the plant cell (Nejat and Tan 2014) . Hence, phytoplasmas may alter the expression of genes involved in carbohydrate metabolism in infected plants to import sugar through the ABC transporter system. Overexpression of sucrose synthase genes causes sucrose accumulation in the phloem of infected source leaves and is in accordance with previous findings which showed that sugar content was increased in coconut, grapevine, papaya and maize leaves following infection by phytoplasmas (Hren et al. 2009 ). Therefore, accumulation of carbohydrates in source leaves could be the hallmark of phytoplasma infection.
Our results provide evidence that while MRD coconut palms do exhibit disease symptoms following CYD phytoplasma invasion, they do mount active defensive strategies: defence-related genes are activated as part of a PTI response and basal defences are activated in infected coconut plants (Fig. 5) . This study revealed for the first time that several molecular mechanisms responsible for plant defence against other biotic stresses are involved in this phytoplasma-coconut interaction. Additionally, several potentially novel genes and proteins related to the coconut responses to phytoplasma attack have been revealed in this work. It is likely that some of these unknown genes are R genes that encode R proteins that interact with avirulence (Avr) proteins (effectors) of the phytoplasma pathogen as part of an effector-triggered immune response (Jones and Dang 2006) . Further experiments are required to identify these novel genes and address their relationship with disease resistance.
This study constitutes a valuable resource from the entire transcriptome for further analyses to dissect these poorly understood tritrophic interactions. Detailed transcriptome analyses open up an avenue towards identification of an unknown gene function, effector-target genes and molecular basis of various cellular processes regulating phytoplasma responses in coconut palms. A future comparison of the transcriptomics of the highly susceptible Malayan Tall ecotype would further enable identification of essential defence genes and development of molecular markers for early detection of disease. 
Conclusion
